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Abstract
Introduction Cancer is a leading cause of death in Americans.
We have identified an inducible cancer avoidance mechanism in
cells that reduces mutation rate, reduces and delays
carcinogenesis after carcinogen exposure, and induces
apoptosis and/or senescence of already transformed cells by
simultaneously activating multiple overlapping and redundant
DNA damage response pathways.
Methods The human breast carcinoma cell line MCF-7, the
adriamycin-resistant MCF-7 (Adr/MCF-7) cell line, as well as
normal human mammary epithelial (NME) cells were treated with
DNA oligonucleotides homologous to the telomere 3' overhang
(T-oligos). SCID mice received intravenous injections of MCF-7
cells followed by intravenous administration of T-oligos.
Results Acting through ataxia telangiectasia mutated (ATM) and
its downstream effectors, T-oligos induced apoptosis and
senescence of MCF-7 cells but not NME cells, in which these
signaling pathways were induced to a far lesser extent. In MCF-
7 cells, experimental telomere loop disruption caused identical
responses, consistent with the hypothesis that T-oligos act by
mimicking telomere overhang exposure. In vivo, T-oligos greatly
prolonged survival of SCID mice following intravenous injection
of human breast carcinoma cells.
Conclusion By inducing DNA damage-like responses in MCF-7
cells, T-oligos provide insight into innate cancer avoidance
mechanisms and may offer a novel approach to treatment of
breast cancer and other malignancies.
Introduction
Breast cancer is the leading cancer among women [1]. Ther-
apy for advanced disease relies largely on chemotherapy and
radiation therapy (reviewed in [2-5]), both of which have signif-
icant host toxicity and themselves promote mutations, fueling
disease progression and treatment resistance.
Despite progress in treatment modalities for patients with met-
astatic disease, median survival is two to three years [6] and
treatment with single or multiple chemotherapeutic agents is
invariably toxic to normal proliferating tissues [6]. Promising
novel therapies directed at specific malfunctioning proteins,
including anti-receptor tyrosine kinase antibodies [7], will no
doubt greatly improve treatment outcomes. Still, to date,
despite substantial variability in patient survival, metastatic
breast cancer is almost invariably fatal (reviewed in [5,8]).
Recent work from our laboratory [9-15] suggests the exist-
ence of innate inducible cellular responses, initiated by expo-
sure of the telomere repeat sequence TTAGGG at the time of
telomere loop disruption and mediated through multiple redun-
dant signaling pathways, that act to retard cancer initiation and
progression by selectively eliminating cells with acute severe
DNA damage or after multiple rounds of cell division [16].
These responses fail to occur in malignant cells, despite their
loss of normal check points and often gross DNA
Ad = adenovirus; ATM = ataxia telangiectasia mutated; ATR = ATM-Rad3-related; BrdU = 5-bromo-2'-deoxyuridine; β-gal = β-galactosidase; FAM = 
fluorescein phosphoramidite; FBS = fetal bovine serum; GFP = green fluorescent protein; HBSS = Hank's buffered salt solution; MDR = multiple 
drug resistant; NME = normal mammary epithelial; PBS = phosphate-buffered saline; pRb = retinoblastoma protein; SA = senescence-associated; 
SCID = severe combined immunodeficient; TRF = telomeric repeat binding factor.
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abnormalities, but can be triggered by providing cells or tis-
sues with DNA oligonucleotides homologous to the telomere
3' overhang (T-oligos) [9,13,17]. A large number of partially
and completely homologous sequences have been found
effective [9-14,17,18], with longer sequences generally hav-
ing a higher molar efficacy than shorter ones, at least in the 2
to 20 base range [18,19].
Telomeres exist in a loop structure that is stabilized by telom-
eric repeat binding factor (TRF)2 [12]. Disruption of the loop
by a dominant negative construct (TRF2DN) leads to apoptosis
of certain mammalian cells [20] and senescence of others
[10,20], mediated at least in part through the ataxia tel-
angiectasia mutated (ATM) kinase, with subsequent p53 acti-
vation [10,20-22], demonstrating that telomere loop
disruption in some way constitutes a DNA damage signal. We
have shown that exposure of cells to T-oligos leads to dose-
dependent DNA damage responses in both normal and malig-
nant cells, mediated at least in part through the ATM kinase
and its effector proteins p53, p73, p95/Nbs1, and E2F1 [9-
11,13]. Moreover, in several human malignant cell types,
including lymphoma, melanoma, fibrosarcoma, and squamous
cell carcinoma, T-oligos induce differentiation, apoptosis and/
or senescence [9,13,17], and strikingly reduce tumor burden
in a mouse xenograft model of human melanoma [13]. These
cellular responses occur without affecting the cells' own tel-
omeres [9,15], and appear to be far more pronounced in
malignant cells than in their normal counterparts [13,20]. T-oli-
gos have also been shown to activate p53 and to enhance
DNA repair rate in intact murine skin and human skin explants
[12,23] and to decrease mutation rate and photocarcinogen-
esis after UV irradiation in mice [12]. Because the telomere
overhang, repeats of TTAGGG, is concealed within the proxi-
mal duplex telomere except at times of experimental opening
of the telomere loop, or presumptively following physiological
stimuli such as acute DNA damage or critical telomere short-
ening during serial cell passage or transiently at times of DNA
replication [9,10,15], and because T-oligos rapidly accumu-
late in the nucleus [9,19], we hypothesize that T-oligos mimic
exposure of the overhang and are interpreted by the cell as
indicating that these anti-cancer responses should be
initiated.
DNA damage characteristically leads to phosphorylation of
ATM on serine 1981 [24,25]. ATM then phosphorylates p53
on serine-15 [26,27], p95/Nbs1 on serine 343 [21] and his-
tone H2AX on serine 139 [28,29]. DNA damage also induces
E2F1, a process dependent on both the ATM and the ATM-
Rad3-related (ATR) kinases [30]. As well, E2F1 transcription-
ally upregulates p73 [31], a structural and functional homolog
of p53 that accumulates in response to DNA damage. In nor-
mal human fibroblasts, prolonged T-oligo treatment induces
irreversible growth arrest and p53 phosphorylation as well as
induction of p16, p53, p21, p95/Nbs-1 and senescence-asso-
ciated (SA) β galactosidase (β-gal) activity [10], mimicking
both serial passage to senescence (reviewed in [10,32]) and
telomere loop disruption by TRF2DN [10].
To further test our hypothesis regarding the T-oligo mecha-
nism of action [14,16] and to quantify T-oligo therapeutic
effects, we studied the breast carcinoma line MCF-7 and the
same line after being rendered resistant to adriamycin. We
also compared the T-oligo effect on MCF-7 cells to its effect
on normal mammary epithelial (NME) cells. In cancerous cells,
T-oligo induces apoptosis and senescence of MCF-7 (p16-
null) and adriamycin resistant MCF-7 (p16 null, non-functional
p53, multiple drug resistant (MDR)-1 positive) breast cancer
cells, but these effects are significantly less prominent in NME
cells. We also demonstrate that systemic administration of T-
oligos significantly prolongs the survival of severe combined
immunodeficient (SCID) mice in a model of metastatic breast
cancer.
Materials and methods
Materials
Two DNA oligonucleotides were designed, one homologous
to the telomere overhang (T-oligo, GTTAGGGTTAG) and one
complementary to this sequence (Control-oligo, CTAAC-
CCTAAC) (Midland Certified Reagent, Midland, TX, USA).
Oligonucleotides were resuspended in H2O and subsequently
diluted in culture medium for a final concentration of 40 µM. In
all experiments, T-oligo was added only once. Cisplatin
(Sigma, St Louis, MO, USA) was used at a final concentration
of 10 µM and ICI 182,780 (Tocris Cookson Inc., Ellisville, MI,
USA) at 100 nM. For in vivo experiments, GTTAGGGTTAG
and a 16-base T-oligo, GGTTAGGTGTAGGTTT, were
obtained from Trilink (San Diego, CA, USA). For immunofluo-
rescent studies, the 11mer GTTAGGGTTAG was tagged with
fluorescein phosphoramidite (FAM) on the 3' end (Midland).
For in vivo studies, the intravenous dose of the 16-mer was 60
versus 120 nmoles of the 11mer, doses calculated as equiva-
lent to 20 µM versus 40 µM when diluted in the mouse blood
volume (estimated at 1.5 ml) immediately after injection.
Cell culture
MCF-7 (estrogen receptor-α positive, p16 null, wild-type p53)
cells were a gift of Dr Brown (Division of Molecular and Cellu-
lar Oncology, Department of Medical Oncology, Dana-Farber
Cancer Institute Boston, MA, USA). Cells were maintained in
MEM supplemented with 200 mM L-glutamine and Earle's
BSS adjusted to contain 1.5 g/l sodium bicarbonate, 0.1 mM
non-essential amino acids and 1 mM sodium pyruvate and
supplemented with 0.01 mg/ml bovine insulin, and 10% FBS.
Adriamycin resistant MCF-7 cells (Adr/MCF-7) [33] were
maintained in the above medium supplemented with 1.5 µg/ml
doxorubicin (Sigma Co., St Louis, MO, USA). NME cells were
obtained from Clonetics (Walkersville, MD, USA) and main-
tained in Mammary Epithelial Cell Growth Medium supple-
mented with brain pituitary extract, human epidermal growth
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factor, hydrocortisone, insulin, gentamicin and amphotericin B
according to the manufacturer's instructions. FBS (5%) was
added at the time of definitive experiments.
Immunofluorescent microscopy
Cells were provided 40 µM of FAM-labeled oligonucleotides.
After 60 minutes, medium was removed and cells were fixed in
3.7% formaldehyde (10 minutes) followed by 0.1% Triton X-
100, 2 mM EDTA (pH 7.4), 0.5 mg/ml RNase A and 0.375 mM
propidium iodide in PBS (10 minutes). Intracellular T-oligo was
visualized using a multicolor fluorescent microscope (Nikon),
providing excitation at 488 nm and 583 nm and detection at
503 to 530 nm (green-FAM channel) and 560 nm (red-propid-
ium iodide channel) at constant settings for paired dishes in
each experiment. Digital images were obtained.
Western blot analysis and antibodies
Western blot analysis was performed as described [34]; 50 to
100 µg protein/lane were processed. Antibody reactions were
performed with mouse monoclonal or rabbit polyclonal anti-
bodies: anti-p53 (DO-1, Ab-6) and anti p73 (Ab-4) (Onco-
gene Research Products, Cambridge, MA, USA), anti-
phospho-p53 ((Ser-15), 9284), anti-phospho-Rb (Ser 795),
anti-phospho-p95/Nbs1 (Ser 343) and anti-phospho-H2AX
(Ser 139) (Cell Signaling Technology, Beverly, MA, USA), anti-
p21/SDI1 (C24420; Transduction Laboratories, Lexington,
KY, USA), anti-phospho-ATM (Ser 1981; Rockland, Gilberts-
ville, PA, USA) and anti-E2F-1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Antibody binding was detected by the
ECL detection kit (Amersham, Piscatawya, NJ, USA), followed
by autoradiography (Kodak X-Omatic AR).
Densitometric analysis
Autoradiograms were scanned into a computer (PC Dell™).
Band intensity was determined after background subtraction
using BIO-RAD Gel Doc 1000/2000 imaging densitometer
(BIO-RAD, Hercules, CA, USA).
Cell yield
After removing the medium and rinsing with PBS, cultures
were incubated in 0.25% trypsin at 37°C and cell yields were
determined using a particle counter (Coulter Corp., Miami, FL,
USA).
Cell cycle analysis
Cells from duplicate cultures were collected, fixed in ethanol,
stained with propidium iodide [10] and analyzed for DNA con-
tent using FACScan analysis (Becton Dickinson, San Jose,
CA, USA). The distribution of cells between different phases
of the cell cycle was determined using the CELLQUEST pro-
gram (Becton Dickinson, San Jose, CA).
Apoptosis
TUNEL analysis
Apoptosis was determined as described [35]. Cells were col-
lected, fixed in 4% paraformaldehyde, permeabilized with
0.1% Triton X-100 in 0.1% sodium citrate, then incubated with
fluorescein-tagged dUTP in the presence of terminal deoxynu-
cleotidyl transferase (Boehringer Mannheim Biochemicals,
Mannheim, Germany) and cellular fluorescence was analyzed
by flow cytometry (Becton Dickinson).
ELISA
DNA fragmentation as a measure of apoptosis was deter-
mined using the cell death detection ELISAPLUS kit and follow-
ing the manufacturer's instructions (Roche Diagnostics,
Indianapolis, IN, USA) [36]. Briefly, MCF-7 and NME cells
were stimulated with T-oligo GTTAGGGTTAG (40 µM) or
diluent and cells were harvested 96 hours after stimulation.
Cells (1 × 104) were used as the antigen source in a sandwich
ELISA assay with a primary anti-histone antibody coated to the
microtiter plate and a secondary anti-DNA antibody coupled to
peroxidase.
BrdU incorporation assay
MCF-7 and NME cells cultured on Permanox chamber slides
were treated with T-oligo (GTTAGGGTTAG, 40 µM) or diluent
alone for seven days and then were re-fed with medium lacking
oligonucleotides. DNA synthesis was assayed using the 5-
bromo-2'-deoxyuridine (BrdU) Labeling and Detection Kit II
(Roche Molecular Biochemicals, Indianapolis, IN, USA) follow-
ing the manufacturer's protocol. Briefly, cells were labeled for
1 hour with BrdU, fixed and incubated with anti-BrdU mono-
clonal antibody. After incubation with anti-mouse Ig-alkaline
phosphatase, the color reaction was detected and pictures of
several representative fields were obtained. Four different
fields were analyzed and percent positive cells was calculated.
For NME cells that grow in colonies, BrdU labeled cells were
determined throughout the colonies in subconfluent cultures.
TRF2DN transfection
The myc-tagged adenovirus (Ad)TRF2DN expression vector
was the gift of Dr de Lange (The Rockefeller University, New
York, NY, USA). We plated 3.6 × 103 cells/cm2. One day later,
cultures were supplemented with 7 × 1010 viral particles/ml of
either AdTRF2DN or Ad-green fluorescent protein (GFP; con-
trol). The next day, medium was changed and the transfection
was repeated. Cells were collected at different intervals.
SA β-galactosidase staining
Cells were treated once with diluent, T-oligo or control oligo
for one week, fixed for 3 to 5 minutes, and incubated at 37°C
(no CO2) overnight with fresh SA β-gal stain solution as
described [32].
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Animal model
Studies were performed in accordance with Boston Univer-
sity's animal review board. Nine-week slow release 17-β-estra-
diol pellets (#SE121, Innovative Research of America,
Sarasota, FL, USA) were injected subcutaneously into six-
week-old SCID mice (Fox-Chase Cancer Center, Philadelphia,
PA, USA). One day later, 2 × 106 MCF-7 cells were injected
intravenously into the tail vein of each mouse. Then, 3 days
later, groups of 5 mice each began receiving blinded intrave-
nous injections: the 11-base T-oligo (120 nmoles/injection, 23
mg/kg, 100 µl solution in Hank's buffered salt solution (HBSS)
assuming a 1.5 ml blood volume distribution) twice daily 5
days/week for 1 week; the 16-base T-oligo (60 nmoles/injec-
tion, 15 mg/kg); or diluent alone (HBSS). The same regimen
was repeated on day 31, after the first mouse died. Animals
were inspected and weighed twice weekly and euthanized
when they lost ≥15% of their body weight within 7 days.
Statistical analysis
Differences in cell yields, in the level of cytoplasmic DNA-his-
tone complexes and in BrdU incorporation were determined
using General Linear Model with post hoc analysis (SPSS Inc.,
statistical package version 10.0, Chicago, IL, USA). Differ-
ences in S phase distribution were determined by one way
ANOVA with post hoc analysis. Differences in SCID mice sur-
vival were determined by the Kaplan-Meier survival test (SPSS
Inc.).
Results
T-oligo localizes to nuclei
To determine if oligonucleotides comparably enter MCF-7 and
NME cells, cultures were provided FAM-labeled GTTAGGGT-
TAG and, within 30 to 60 minutes, T-oligo localization was
examined using a multicolor fluorescent microscope. As previ-
ously observed in multiple normal and malignant cell types
[9,19], T-oligo rapidly localized to the nuclei comparably well
in both cell types (Figure 1) and the majority of nuclei were
positive. No green fluorescence was observed in control, dilu-
ent-treated cells (data not shown).
T-oligo inhibits cell growt
To determine the effect of T-oligo (11mer, 40 µM) on cell
growth, we examined MCF-7 and NME cell yields up to 96
hours after a single supplementation of T-oligo (Figure 2). A
decrease in MCF-7 yield was observed as early as 1 day after
treatment. Diluent and control-oligo treated cells displayed
exponential growth versus extremely little or no growth of T-
oligo-treated cells. T-oligo decreased MCF-7 yields by 87 ±
9% within 4 days when the experiment was terminated (Figure
2a). Similarly, T-oligo inhibited NME proliferation, although the
magnitude of the effect was smaller, with yields decreased by
only 65.5 ± 0.01% after 4 days (Figure 2b). Modest but statis-
tically less inhibition was observed in control oligo-treated
cells.
T-oligo induces S phase cell cycle arrest of MCF-7 cells
To determine if the T-oligo effect on MCF-7 yields is due, at
least in part, to an effect on the cell cycle, MCF-7 cells were
treated as above (Figure 2c). A single supplementation of T-
oligo produced S phase cell cycle arrest, as reported previ-
ously for other cell types [9,13,17,37] with 66 ± 1% and 51 ±
7% of cells arrested in S phase at 48 and 96 hours, respec-
tively. As before, control oligo had a far lesser effect.
T-oligo induces apoptosis of MCF-7 cells
To determine if the T-oligo effect on cell yields in MCF-7 and
NME cells is due to apoptosis in addition to S phase arrest,
cultures were stimulated with T-oligo as above and TUNEL
assays were performed and levels of cytoplasmic DNA-his-
tones were determined 96 hours after stimulation (Figure 3).
While in MCF-7 cells T-oligos induced substantial apoptosis,
as shown by the prominent shift in the fluorescent peak (Figure
3a), in NME cells there was less of a shift (Figure 3b). In
Figure 1
T-oligos localize to nuclei. MCF-7 and normal mammary epithelial 
(NME) cells were supplemented with fluorescein phosphoramidite 
(FAM) labeled GTTAGGGTTAG and uptake was determined 30 to 60 
minutes after supplementation. Multicolor fluorescent microscopy 
showed that FAM-labeled T-oligos accumulated in the nucleus as 
determined by colocalization of propidium iodide (PI) nuclear staining 
(red) with FAM (green), producing an orange color. As expected, no 
green fluorescence was observed in control, diluent-treated cells.
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addition, the level of cytoplasmic DNA-histone complexes was
significantly higher (p < 0.03) in T-oligo-treated MCF-7 cells
than in NME cells (Figure 3c), in which the level of cytoplasmic
DNA-histone complexes was identical to the background level
(p = 0.9), showing that T-oligo induces significantly more
apoptosis in MCF-7- than in NME cells, thus accounting for
the greater reduction in cell yields.
T-oligo induces senescence of MCF-7 cells
To determine the fate of the remaining non-apoptotic cells, we
investigated whether T-oligo induces senescence. Cells were
treated once at time 0 with T-oligo or diluent alone and, after
Figure 2
T-oligo decreases cell yield and induces S phase arrest in MCF-7 cellsi l   i   phase ar est in MCF-7 cells. 
Preconfluent cultures of (a) MCF-7 cells and (b) normal mammary epi-
thelial (NME) cells were treated with 40 µM of GTTAGGGTTAG (T-
oligo), CTAACCCTAAC (control oligo) or diluent alone and cell yields 
were determined at different intervals after oligonucleotide addition. 
Compared to controls, within 4 days T-oligo decreased cell yields 87 ± 
9% (MCF-7; p < 0.04, n = 4) and 65.5 ± 0.01% (NME; p < 0.03, n = 
2). (c) MCF-7 cells were treated as above and cells were collected for 
up to 96 hours for FACScan analysis after a single treatment at time 0. 
Averages and standard deviations were determined from duplicate 
samples. T-oligo increased the percent of cells in the S phase of the 
cycle as early as 48 hours after stimulation (p < 0.001, n = 2) and for at 
least 96 hours after stimulation (p < 0.04, n = 2).
Figure 3
T-oligo induces apoptosis of MCF-7 cellst i  f F-7 cel s. MCF-7 and normal mammary 
epithelial (NME) cells were treated as above. Apoptosis was deter-
mined by TUNEL analysis and by the level of cytoplasmic DNA-histone 
complexes 96 hours after a single treatment at time 0. (a) MCF-7 cells 
underwent apoptosis as observed by the prominent shift in fluorescent 
peak. (b) In contrast, there was only a minimal shift in the fluorescent 
peak of NME cells. (c) There is a significant increase in the levels of 
cytoplasmic DNA-histone complexes in T-oligo-treated MCF-7 cells 
compared to diluent-treated MCF-7 cells (p < 0.02, n = 3). In contrast, 
DNA-histone complexes in NME cells were not significantly increased 
above the background (Bkgd) level (p = 0.89).
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seven days, were fixed and stained for SA β-gal activity, a
marker for senescence in at least some cell types [32]. Paired
cultures were supplemented after seven days with fresh
medium lacking oligonucleotides or diluent. BrdU incorpora-
tion and retinoblastoma protein phosphorylation (MCF-7 only)
were determined after an additional 24 hours. In MCF-7 cells,
T-oligo induced senescence of 61.3 ± 7.7% cells, compared
to diluent and control oligo, which induced senescence in 6.3
± 3.8% and 12 ± 2% of the cells, respectively, as determined
by SA β-gal activity (p < 0.015; Figure 4a).
Similarly, after provision of medium without T-oligo, BrdU
incorporation in MCF-7 cells significantly differed between the
cultures previously treated with T-oligo (7.4 ± 3.3%) and those
previously treated with diluent (30.4 ± 9.8%) or control oligo
(23 ± 6.4%) (p < 0.05), consistent with T-oligo induced
senescence (Figure 4b). There was no statistically significant
difference between diluent and control oligo pre-treated cul-
tures (p = 0.5). Conversely, in NME cells, BrdU incorporation
between cultures previously treated with T-oligo versus diluent
alone and control oligo did not differ, displaying 7.1 ± 2.2%,
6.3 ± 1.1% and 7.8 ± 1.2% BrdU-positive cells, respectively
(p = 0.5), suggesting that NME cells do not undergo senes-
cence, at least not within 7 days after T-oligo treatment (Figure
4c).
Finally, it is well established that, in senescent cells, retinoblas-
toma protein (pRb) remains in a hypophosphorylated state
despite growth stimulation [38]. To further examine the
senescene-like effect of T-oligo, we determined pRb phospho-
rylation in T-oligo treated MCF-7 cells versus controls. T-oligo
treated MCF-7 cells failed to phosphorylate pRb despite fresh
medium supplementation, while diluent or control-oligo treated
cultures displayed strong pRb phosphorylation (Figure 4,
inset). These studies demonstrate that T-oligo induces senes-
cence in the remaining MCF-7 cells, those that have not under-
gone apoptosis, but not in NME cells.
T-oligo and TRF2DN activate cell cycle and apoptosis 
regulatory proteins
MCF-7 and NME cells were treated as above and total cellular
proteins were harvested at different intervals after stimulation.
As determined by protein phsophorylation, T-oligo activated
the ATM kinase, known to be activated by DNA damage or crit-
ically short telomeres [39-41]. Similarly, T-oligo activated
(phosphorylated) the downstream effector proteins p53
Figure 4
T-oligo induces senescence of MCF-7 cells. (a,b) MCF-7 and (c) normal mammary epithelial (NME) cells were treated with T-oligo once for seven 
days and then were either fixed and stained for senescence-associated (SA) β-galactosidase (β-gal) activity (a), or were supplemented with fresh 
medium lacking oligonucleotides and 5-bromo-2'-deoxyuridine (BrdU) incorporation (b,c) and retinoblastoma protein phosphorylation (inset) were 
determined. (a) In MCF-7 cells, T-oligo induced senescence of 61.3 ± 7.7% cells, compared to diluent and control oligo in which 6.3 ± 3.8% and 12 
± 2% of the cells, respectively, were senescent, as determined by SA β-gal activity (p < 0.015). (b) In MCF-7 cells, after T-oligo removal and provi-
sion of medium without T-oligo, only 7.4 ± 3.3% of cells displayed BrdU incorporation compared to 30.4 ± 9.8% and 23 ± 6.4% of diluent and con-
trol oligo pretreated cells, respectively (p < 0.05). (c) In NME cells, BrdU incorporation did not differ between T-oligo and diluent-treated cultures 
(7.1 ± 2.2% versus 6.3 ± 1.1% and 7.8 ± 1.2%, respectively; p = 0.5). Inset: MCF-7 cells were treated as above. Despite supplementation of fresh 
medium lacking T-oligo, no phosphorylation of retinoblastoma protein (pRb) was detected in T-oligo pretreated cultures. C, control-oligo; D, diluent; 
T, T-oligo.
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(serine 15), p95/Nbs1 (serine 343) and H2AX (serine 139)
(Figure 5a). T-oligo also induced the levels of E2F1, albeit
more rapidly and transiently, and induced the level of the p53-
dependent downstream apoptosis effector protein BAX [42]
and p21 [43] (Figure 5a).
In contrast, although T-oligo phosphorylated p53 and H2AX in
NME cells, the magnitude of these inductions was smaller in
NME cells (≤3-fold and ≤6-fold, respectively, at 24 to 72
hours) compared to MCF-7 cells (up to >12-fold and >21-
fold, respectively, through at least 96 hours) (Figure 5b,c).
To further substantiate our hypothesis that T-oligo treatment
mimics physiological exposure of the 3' telomere overhang fol-
lowing telomere loop disruption [9-11,13,15,17], we intro-
duced TRF2DN [20] into MCF-7 cells, a manipulation known to
disrupt the telomere loop and to lead to exposure and diges-
tion of the 3' overhang [15,17,20]. AdTRF2DN, but not a con-
trol AdGFP vector, induced γ-H2AX and p53 in MCF-7 cells
over the same time course as T-oligo (Figure 5d), supporting
our hypothesis.
T-oligo effect on MCF-7 cells is comparable to that of 
cisplatin and ICI 182,780
To compare the T-oligo effect to that of a recognized anti-
breast cancer chemotherapeutic agent, cisplatin [44-48], and
to an anti-estrogen frequently used to treat estrogen receptor
positive breast cancers [49-51], MCF-7 cells were treated
with customary doses of cisplatin (10 µM), the anti-estrogen
ICI 182,780 (100 nM) or T-oligo (40 µM) as above (Figure 6).
Within 5 days after a single treatment, compared to diluent,
cisplatin decreased MCF-7 yield by 82 ± 0.1% and T-oligo did
so by 79 ± 0.02%, an insignificant difference (p = 1.0; Figure
6a). Similarly, compared to diluent, within 5 days after a single
treatment with ICI 182,780 or T-oligo, cell yield decreased by
72 ± 0.1% and 84 ± 0.02%, respectively (Figure 6b). Interest-
ingly, in this comparison, T-oligo was significantly more effec-
tive than the anti-estrogen ICI 182,780 (p < 0.005).
T-oligo affects adriamycin-resistant breast cancer cells
Multidrug resistance develops in cancer cells as a result of
overexpression of a P-glycoprotein MDR-1 that acts as an
efflux pump for various anticancer drugs and also inhibits
Figure 5
T-oligo and telomeric repeat binding factor dominant negative construct (TRF2DN) activate cell cycle- and apoptosis-regulatory proteins in breast cancer cells
cancer cells. (a) Compared with control oligo (C) and diluent (D) alone, T-oligo (T) substantially induced the phosphorylation of p53 (Ser15), p95/
Nbs1 (Ser343) and H2AX (Ser139) and the level of E2F1. In MCF-7 cells, T-oligo also induced the phosphorylation of ataxia telangiectasia mutated 
(ATM; Ser1981) and the levels of p53 and the p53-dependent p21 and BAX proteins. (b) Compared with control oligo (C) and diluent (D), T-oligo 
(T) only slightly induced the phosphorylation of p53 and H2AX in normal mammary epithelial (NME) cells. (c) Graphic representation of band inten-
sity as fold induction above diluent. (d) adenovirus (Ad)TRF2DN, but not the control Ad-green fluorescent protein (GFP) vector, induced the phos-
phorylation of H2AX and p53 in MCF-7 cells. c-myc expression confirms successful transfection of the cells with AdTRF2DN. Actin serves as a 
loading control. One of three representative experiments is shown.
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apoptosis, thus reducing the responsiveness of cancer cells to
chemotherapeutic agents [52]. Thus, agents that are effective
in such non-responsive cells would serve an important role as
a second generation anti-cancer treatment option.
To determine if T-oligo is effective in MDR-1-positive cells,
adriamycin-resistant MCF-7 cells (Adr/MCF-7), known to
express high MDR-1 levels [53], were used after confirmation
of persistent high expression of the P-glycoprotein (data not
shown). Unlike the parental MCF-7, Adr/MCF-7 cells prolifer-
ate in the presence of adriamycin (Figure 7a). Supplementa-
tion with T-oligo on day 0 decreased Adr/MCF-7 cell yields in
both the presence and absence of adriamycin (p < 0.03) by 58
± 14% through at least 96 hours (Figure 7b). Also, compared
to diluent and control oligo, T-oligo increased the percent of
cells in the S phase within 48 hours through 96 hours (p <
0.04; Figure 7c) and induced apoptosis, as determined by the
shift in the fluorescent peak observed in the TUNEL analysis at
96 hours (Figure 7d). T-oligo-induced phosphorylation of p53
and H2AX in Adr/MCF-7 cells was also comparable to that in
parental MCF-7 cells (Figure 7e).
T-oligo increases survival of mice injected intravenously 
with MCF-7 cells
On-going work in our laboratory has established that many T-
oligos exert anti-cancer effects in vitro and/or in vivo, with
molar efficacy determined by several features [18]. To examine
T-oligo effects in vivo, we selected a 16-base T-oligo and first
compared its in vitro efficacy to that of the original 11-base T-
oligo. At lower concentrations (10 µM and 20 µM), the 16-
base T-oligo inhibited MCF-7 yield significantly more than the
11-base T-oligo at 96 hours (64 ± 0.01% versus 31 ± 0.09%,
10 µM, p < 0.001; 74 ± 0.01% versus 45 ± 0.19%, 20 µM, p
< 0.04), although inhibition at 40 µM was comparable (73 ±
0.01% versus 64 ± 0.03%, p = 0.25) (Figure 8a). In addition,
at 20 µM the 16-base T-oligo induced substantially more p53
and H2AX phosphorylation than the 11-base T-oligo within 48
hours (Figure 8b), demonstrating a higher molar efficacy for
the 16-base T-oligo compared to the 11-base T-oligo on MCF-
7 cells in vitro. Doses of roughly equivalent molar efficacy were
selected for comparison in the mouse model.
We then injected MCF-7 cells into the tail vein of SCID mice,
a protocol expected to yield tumors in multiple organs and to
kill the mice [54]. After 3 days and 31 days, when the first
mouse died (a diluent control but still blinded to the investiga-
tors), all remaining mice were treated with diluent alone or
amounts of T-oligo calculated to yield peripheral blood con-
centrations of 40 µM (11mer) or 20 µM (16mer) if instantly
diluted into the animals total blood volume: 120 nmoles or
approximately 23 mg/kg per injection of the 11-base T-oligo or
60 nmoles or 15 mg/kg of the 16-base T-oligo. Injections were
given twice daily for 5 days for a total of 20 injections. As
expected, between 3 and 6 weeks, all controls either died or
had to be sacrificed because of rapid weight loss. Mice
treated with the 11mer had statistically longer survival (p <
0.007), with 1 of 5 remaining healthy through at least 30
weeks, and 75% of mice treated with the 16-base T-oligo sur-
vived without weight loss or other evidence of disease through
30 weeks (p < 0.01, control versus 16-base T-oligo), when the
experiment was terminated (Figure 8c). Autopsies of the
11mer-treated mice that died at 6 to 8 weeks and the 16mer-
treated mice that were sacrificed on the 30th week of the
experiment revealed macroscopic tumor deposits similar to
those in the diluent-treated mice at their time of death, on aver-
age 2 and 28 weeks earlier, respectively. Histological analysis
of several tissues, including bone marrow, liver, jejunum, brain,
lung, kidney and skin, of a SCID mouse injected 24 hours ear-
lier with T-oligo failed to reveal any evidence of T-oligo toxicity.
Discussion
Our data demonstrate remarkable effects of T-oligo on MCF-7
human breast cancer cells in vitro and on xenograft tumor
Figure 6
T-oligo effect on MCF-7 cells is comparable to that of cisplatin and ICI 182,780
182,780. MCF-7 cells were treated with cisplatin (10 µM), the anti-
estrogen ICI 182,780 (100 nM) or T-oligo (40 µM) once and cell yields 
were determined at different intervals. (a) Within 5 days cisplatin 
decreased MCF-7 yield by 82 ± 0.1% and T-oligo did so by 79 ± 
0.02% compared to diluent. The difference between the T-oligo and 
cisplatin effects was not significant (p = 1.0). (b) Compared to diluent, 
ICI 182,780 or T-oligo caused decreases in cell yield of MCF-7 cells of 
72 ± 0.1% and 84 ± 0.02%, respectively. T-oligo was significantly 
more effective than ICI 182,780 (p < 0.005).
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growth in vivo. In vitro, T-oligo induces growth arrest, followed
by apoptosis or senescence. Interestingly, a single dose of the
hydrolysable T-oligo, with a half-life in serum-containing
medium of approximately four to six hours [55], induces these
responses, possibly attributable to a prolonged half-life of tel-
omere homolog oligonucleotides once in the nucleus [56].
Similarly in vivo, delivering T-oligos intravenously twice daily
for two periods of five days each appears to rescue some mice
from otherwise rapidly fatal innocula of tumor cells and to sig-
nificantly increase survival overall.
We found that T-oligos are taken up by cells and localize to the
nucleus within 30 to 60 minutes after addition to culture
medium. Interestingly, it was not necessary to use special
delivery systems, such as electroporation, and DNA-liposome
and DNA-polymer complexes, used in some studies [57]. This
is consistent with our own previous studies [9,19] and other
investigators who report similar uptake of oligonucleotides in
other cell types without the use of special delivery systems
[58,59]. Although the precise mechanism of oligonucleotide
uptake is unclear, cell surface receptors have been proposed
to perform this function [58,60].
T-oligo rapidly decreased the yields of both breast cancer
MCF-7 cells and NME cells, compared to actively proliferating
controls, likely by inducing an S phase arrest, but appeared to
induce apoptosis and senescence only in MCF-7 cells. This
differential T-oligo effect is not due to selective uptake, as T-
oligo is taken up by normal and malignant cells equally well,
but rather to different cellular responses. In this study we show
significantly less activation of downstream effectors by T-oligo
in normal NME cells compared to MCF-7 malignant cells, and
it is possible that, below a certain phosphorylation threshold
for p53 and H2AX, apoptosis and senescence do not occur.
This result is consistent with differences in response to T-oligo
previously observed between normal human melanocytes and
malignant melanoma cells [13], normal murine B cells and B
cell lymphoma cells [61], and normal human astrocytes and
glioblastoma cells [62].
In MCF-7 breast cancer cells, T-oligos activate and induce
DNA damage response proteins that cause apoptosis and
senescence of cells. Senescence was determined by β-gal
activity and failure to incorporate BrdU or to phosphorylate
pRb after fresh medium supplementation. Although the other-
wise senescent-like MCF-7 cells were arrested in S phase, not
in G0/G1, as observed with fibroblasts serially passaged to
senescence and then refractory to cell division despite provi-
sion of fresh serum-containing medium [63,64], this is identi-
cal to the status of newborn human fibroblasts rendered
senescent by prolonged T-oligo treatment. These cells are
also in S phase arrest after 7 days but, if provided fresh
medium, largely progress over 24 hours to G0/G1, and then
irrevocably arrest [10].
Our model for explaining the T-oligo effect hypothesizes the
existence of innate anti-cancer responses in all cells, normally
triggered by opening of the telomere loop and exposure of the
Figure 7
T-oligo affects adriamycin resistant breast cancer cells. (a) Unlike MCF-7 cells, Adr/MCF-7 cells proliferate in the presence of adriamycin. (b) Sup-
plementation with T-oligo on day 0 decreased Adr/MCF-7 cell yields in both the presence and absence of adriamycin for at least 96 hours (58% ± 
14%, p < 0.03, n = 4). (b) T-oligo also increased the percent of cells in the S phase within 48 hours and through 96 hours (p < 0.04, n = 2) and (d) 
induced apoptosis as determined by TUNEL analysis at 96 hours. (e) T-oligo induced the phosphorylation of p53 and H2AX comparably to MCF-7 
cells (Figure 5a). C, control-oligo; D, diluent; T, T-oligo.
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single-stranded 3' overhang but also by T-oligos that mimic the
overhang.
Consistent with our hypothesis, the same molecular pathways
leading to apoptosis/senescence are activated by either T-
oligo treatment or telomere loop disruption through ectopic
expression of TRF2DN in either MCF-7 cells in the present
study or in fibroblasts as reported by our group [65] and other
investigators [10,66]. While the muted response to T-oligo of
normal versus malignant cells has important clinical implica-
tions, its basis is not clear. Our model hypothesizes the exist-
ence of innate anti-cancer responses intended to prevent
further proliferation of dysregulated cells, responses normally
triggered by opening of the telomere loop and exposure of the
3' overhang. We further hypothesize that this mechanism is
defeated in malignant cells by over-expression of proteins,
such as telomerase, that bind and obscure the telomere over-
hang [8], but that provision of T-oligos replaces the obscured
TTAGGG sequence and initiates the DNA damage-like signal-
ing. This hypothesis is consistent with the observations that
knock-down of a non-enzymatic component of telomerase
(hTER) in malignant cells may lead to their apoptosis within
five days without telomere shortening [67,68], and with the
recent demonstration that ATM, ATR and their downstream
effector DNA damage response proteins are normally
recruited to the telomeres during S phase as part of a cellular
mechanism that assures genomic integrity [65]. It is unlikely
that expression of telomerase, in the absence of genomic
lesions and dysregulated growth, is sufficient to cause T-oligo
signaling to proceed through induction of apoptosis or senes-
cence, as normal cells known to express telomerase, such as
mitogen-stimulated rapidly proliferating lymphocytes, do not
undergo apoptosis in response to T-oligo treatment, while syn-
geneic lymphoma cells do [61].
Also consistent is the observation that knock-down of POT-1,
a telomere-specific single-stranded DNA binding protein [69],
also elicits apoptosis (in MCF-7 cells) and senescence (in
fibroblasts; not reported in MCF-7 cells) associated with tel-
omere loop disruption and degradation of the 3' overhang
[70]. In this latter case, because POT-1 associates with TRF2
[70] and TRF2 has been shown, at least in vitro, to bind and
inhibit ATM [71], it has been suggested that simple removal of
a direct inhibitory effect of POT-1/TRF2 complexes on ATM
accounts for the observed ATM activation. However, this
mechanism could not account for the apparently identical sig-
naling pathways activation by telomerase knockdown [67,68]
or treatment with T-oligos that does not result in telomere loop
disruption and consequent digestion of the endogenous 3'
overhang [9,15]. Furthermore, over-expression of POT-1 abro-
gates DNA damage responses induced by POT-1 sequestra-
tion with TRF2DN [70]. This finding suggests that masking of
the TTAGGG repeat sequence by binding of excess POT-1
even after opening of the telomere loop is sufficient to block
signaling through ATM and p53, and that exposure of the oth-
erwise concealed TTAGGG repeat sequence after POT-1
knock-down is a more likely causal event. That T-oligos substi-
tute for exposure of the telomere 3' overhang as a stimulus for
DNA damage-like signaling is further suggested by the recent
demonstration that WRN, the protein mutated in Werner syn-
drome [72] and known to localize to the telomere and to
resolve the telomere loop structure [73,74], is required for T-
oligo initiated signaling [15]. Furthermore, T-oligo-induced
Figure 8
T-oligo increases survival of mice injected intravenously with MCF-7 cells
cells. (a) MCF-7 cells received fresh serum-containing medium supple-
mented with increasing concentrations (10 to 40 µM) of the 11mer or 
16mer T-oligos or diluent alone and were harvested at 96 hours. At 10 
µM and 20 µM, the 16mer inhibited MCF-7 yield substantially more 
than the 11mer, and 20 µM 16mer reduced cell yields comparably to 
40 µM 11mer. (b) MCF-7 cells were supplemented with 11mer or 
16mer T-oligos (20 µM) or diluent (Dil) alone. Within 48 hours both T-
oligos induced H2AX and p53 phosphorylation, but this occurred to a 
greater extent with the 16-base T-oligo. (c) SCID mice inoculated intra-
venously with MCF-7 cells received intravenous T-oligo or diluent injec-
tions as per the Materials and methods. Doses giving comparable 
growth inhibition at 96 hours were used: 20 µM 16mer versus 40 µM 
11mer, equivalent to 60 versus 120 nmoles injected into the estimated 
murine 1.5 ml peripheral blood volume. Both T-oligos increased survival 
of the mice, with the 16mer having a greater effect.
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γH2AX foci, also characteristic of senescent cells [41], form at
or immediately adjacent to telomeres [15].
Drug resistance is the major reason for treatment failure in
most human cancers [75-78]. While few cancers eventually
display an inherent resistance to chemotherapy, the majority of
cancers acquire multi-drug resistance as a result of over-
expression of the P-glycoprotein encoded by the MDR-1 gene
that pumps out of the cell several structurally unrelated
chemotherapeutic drugs as well as other compounds [79].
Furthermore, in some cancer cells, in addition to its efflux
pump action, P-glycoprotein has an anti-apoptotic effect
[80,81]. Thus, identifying treatment options for MDR-1
expressing cancers is of utmost importance. Our experiments
show that MCF-7 cells resistant to adriamycin (Adr/MCF-7)
are sensitive to T-oligo. The same regulatory proteins are acti-
vated in MCF-7 cells resistant or not resistant to adriamycin,
leading to their apoptosis. Thus, T-oligos constitute a novel
class of anti-cancer agents that alone or in combination with
conventional drugs may improve treatment responses for
breast carcinoma and other cancers.
In the current study we compared the efficacy of an 11 base
and a 16 base oligonucleotide with 100% and 81% telomere
homology, respectively. Surprisingly, the 16 base T-oligo was
more effective on an equimolar basis at inducing H2AX and
p53 phosphorylation and decreasing cell yields in vitro, and
half the dose in nanomoles, it was more effective than the
11mer at enhancing survival of MCF-7-injected mice. Of note,
T-oligos require 3'→5' nucleolytic digestion to be active, pre-
sumably by the WRN exonuclease and helicase that is
required for T-oligo-induced signaling [15]. It is possible that
longer T-oligos provide a better substrate for WRN, but addi-
tional experiments are required to delineate this point and to
optimize the T-oligo as a cancer chemotherapeutic agent.
Nevertheless, both T-oligos demonstrated anti-tumor effects
as determined by mice survival when injected intravenously
into SCID mice previously injected with MCF-7 cells. T-oligos
were given twice a day for only two periods of 5 days, 3 days
after MCF-7 inoculation and 31 days after their inoculation, at
the time control mice began to die or had to be sacrificed.
Although the dosing regimen was arbitrary, it was sufficient to
allow survival of 75% of the 16mer-treated animals for 23
weeks after the last treatment and for 30 weeks after inocula-
tion with MCF-7 cells before the experiment was terminated.
In contrast, diluent-treated mice did not survive beyond six
weeks. The less effective 11mer also increased the survival of
the tumor-bearing mice.
Our experiments show that T-oligos are effective against p16-
null MCF-7 breast cancer cells as well as adriamycin-resistant
P-glycoprotein-expressing cells that additionally have non-
functional p53, suggesting that T-oligos may be effective
against at least some chemotherapy-resistant tumors.
Importantly, T-oligos are effective in a SCID mouse model of
metastatic human breast cancer.
Conclusion
We suggest that T-oligos provide a novel approach to treating
human malignancies, including breast cancer. Our data further
support the existence of an innate anti-cancer mechanism that
is disabled in cancer cells but that can be triggered by
telomere homolog oligonucleotides delivered to the nucleus in
the form of T-oligos.
Competing interests
MY, MSE and BAG have a conflict of interest in that they have
equity in the for-profit start-up company SemaCo, created to
commercialize the intellectual property arising in the labora-
tory, which includes pending patents for the use of T-oligos in
the treatment of cancer. This conflict of interest is being mon-
itored by the standard process at Boston University, owner of
the patents now licensed to SemaCo.
Authors' contributions
MY designed the experiments and drafted the manuscript.
MSE participated in the study design. IP carried out the in vitro
experiments. JK carried out animal experiments. LHW per-
formed some in vitro experiments. KHC provided the adriamy-
cin-resistant MCF-7 cells. BAG conceived of the study and
helped to draft the manuscript. MY and MSE contributed
equally to this paper.
References
1. Jemal A, Murray T, Ward E, Samuels A, Tiwari RC, Ghafoor A,
Feuer EJ, Thun MJ: Cancer statistics, 2005.  CA Cancer J Clin
2005, 55:10-30.
2. Seidman AD: Systemic treatment of breast cancer. Two dec-
ades of progress.  Oncology (Williston Park) 2006, 20:983-990.
discussion 991–982, 997–988
3. Calvo FA, Meirino RM, Orecchia R: intraoperative radiation ther-
apy part 2. Clinical results.  Crit Rev Oncol Hematol 2006,
59:116-127.
4. Weber DC, Ares C, Lomax AJ, Kurtz JM: Radiation therapy plan-
ning with photons and protons for early and advanced breast
cancer: an overview.  Radiat Oncol 2006, 1:22.
5. Hickey BE, Francis D, Lehman MH: Sequencing of chemother-
apy and radiation therapy for early breast cancer.  Cochrane
Database Syst Rev 2006:CD005212.
6. Ali SM, Harvey HA, Lipton A: Metastatic breast cancer: overview
of treatment.  Clin Orthop Relat Res 2003,
415(Suppl):S132-137.
7. Shawver LK, Slamon D, Ullrich A: Smart drugs: tyrosine kinase
inhibitors in cancer therapy.  Cancer Cell 2002, 1:117-123.
8. Jones D, Ghersi D, Wilcken N: Addition of drug/s to a chemo-
therapy regimen for metastatic breast cancer.  Cochrane Data-
base Syst Rev 2006, 3:CD003368.
9. Eller MS, Puri N, Hadshiew IM, Venna SS, Gilchrest BA: Induction
of apoptosis by telomere 3' overhang-specific DNA.  Exp Cell
Res 2002, 276:185-193.
10. Li GZ, Eller MS, Firoozabadi R, Gilchrest BA: Evidence that expo-
sure of the telomere 3' overhang sequence induces
senescence.  Proc Natl Acad Sci USA 2003, 100:527-531.
11. Eller MS, Li GZ, Firoozabadi R, Puri N, Gilchrest BA: Induction of
a p95/Nbs1-mediated S phase checkpoint by telomere 3'
overhang specific DNA.  Faseb J 2003, 17:152-162.
12. Goukassian DA, Helms E, van Steeg H, van Oostrom C, Bhawan
J, Gilchrest BA: Topical DNA oligonucleotide therapy reduces
Breast Cancer Research    Vol 9 No 1    Yaar et al.
Page 12 of 13
(page number not for citation purposes)
UV-induced mutations and photocarcinogenesis in hairless
mice.  Proc Natl Acad Sci USA 2004, 101:3933-3938.
13. Puri N, Eller MS, Byers HR, Dykstra S, Kubera J, Gilchrest BA: Tel-
omere-based DNA damage responses: a new approach to
melanoma.  Faseb J 2004, 18:1373-1381.
14. Eller MS, Maeda T, Magnoni C, Atwal D, Gilchrest BA: Enhance-
ment of DNA repair in human skin cells by thymidine dinucle-
otides: evidence for a p53-mediated mammalian SOS
response.  Proc Natl Acad Sci USA 1997, 94:12627-12632.
15. Eller MS, Liao XD, Liu SY, Hanna K, Backvall H, Opresko PL, Bohr
VA, Gilchrest BA: A role for WRN in telomere-based DNA dam-
age responses.  Proc Natl Acad Sci USA 2006,
103:15073-15078.
16. Gilchrest BA, Eller MS: The tale of the telomere: implications
for prevention and treatment of skin cancers.  J Investig Derma-
tol Symp Proc 2005, 10:124-130.
17. Li GZ, Eller MS, Hanna K, Gilchrest BA: Signaling pathway
requirements for induction of senescence by telomere
homolog oligonucleotides.  Exp Cell Res 2004, 301:189-200.
18. Ohashi N, Yaar M, Eller MS, Truzzi F, Gilchrest BA: Features that
determine telomere homolog oligonucleotide-induced thera-
peutic DNA damage-like responses in cancer cells.  J Cell
Physiol 2007, 210:582-595.
19. Hadshiew IM, Eller MS, Gasparro FP, Gilchrest BA: Stimulation
of melanogenesis by DNA oligonucleotides: effect of size,
sequence and 5' phosphorylation.  J Dermatol Sci 2001,
25:127-138.
20. Karlseder J, Broccoli D, Dai Y, Hardy S, de Lange T: p53- and
ATM-dependent apoptosis induced by telomeres lacking
TRF2.  Science 1999, 283:1321-1325.
21. Lim DS, Kim ST, Xu B, Maser RS, Lin J, Petrini JH, Kastan MB:
ATM phosphorylates p95/nbs1 in an S-phase checkpoint
pathway.  Nature 2000, 404:613-617.
22. Motoyama N, Naka K: DNA damage tumor suppressor genes
and genomic instability.  Curr Opin Genet Dev 2004, 14:11-16.
23. Arad S, Konnikov N, Goukassian DA, Gilchrest BA: T-oligos aug-
ment UV-induced protective responses in human skin.  Faseb
J 2006, 20:1895-1897.
24. Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi K,
Appella E, Kastan MB, Siliciano JD: Activation of the ATM kinase
by ionizing radiation and phosphorylation of p53.  Science
1998, 281:1677-1679.
25. Bakkenist CJ, Kastan MB: DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation.
Nature 2003, 421:499-506.
26. Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L,
Smorodinsky NI, Prives C, Reiss Y, Shiloh Y, Ziv Y: Enhanced
phosphorylation of p53 by ATM in response to DNA damage.
Science 1998, 281:1674-1677.
27. Siliciano JD, Canman CE, Taya Y, Sakaguchi K, Appella E, Kastan
MB: DNA damage induces phosphorylation of the amino ter-
minus of p53.  Genes Dev 1997, 11:3471-3481.
28. Rogakou EP, Nieves-Neira W, Boon C, Pommier Y, Bonner WM:
Initiation of DNA fragmentation during apoptosis induces
phosphorylation of H2AX histone at serine 139.  J Biol Chem
2000, 275:9390-9395.
29. Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ: ATM phos-
phorylates histone H2AX in response to DNA double-strand
breaks.  J Biol Chem 2001, 276:42462-42467.
30. Lin WC, Lin FT, Nevins JR: Selective induction of E2F1 in
response to DNA damage, mediated by ATM-dependent
phosphorylation.  Genes Dev 2001, 15:1833-1844.
31. Marabese M, Vikhanskaya F, Rainelli C, Sakai T, Broggini M: DNA
damage induces transcriptional activation of p73 by removing
C-EBPalpha repression on E2F1.  Nucleic Acids Res 2003,
31:6624-6632.
32. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C,
Medrano EE, Linskens M, Rubelj I, Pereira-Smith O, et al.: A
biomarker that identifies senescent human cells in culture and
in aging skin in vivo.  Proc Natl Acad Sci USA 1995,
92:9363-9367.
33. Vickers PJ, Dufresne MJ, Cowan KH: Relation between cyto-
chrome P450IA1 expression and estrogen receptor content of
human breast cancer cells.  Mol Endocrinol 1989, 3:157-164.
34. Yaar M, Zhai S, Fine RE, Eisenhauer PB, Arble BL, Stewart KB, Gil-
chrest BA: Amyloid beta binds trimers as well as monomers of
the 75-kDa neurotrophin receptor and activates receptor
signaling.  J Biol Chem 2002, 277:7720-7725.
35. Yaar M, Zhai S, Pilch PF, Doyle SM, Eisenhauer PB, Fine RE, Gil-
chrest BA: Binding of beta-amyloid to the p75 neurotrophin
receptor induces apoptosis. A possible mechanism for Alzhe-
imer's disease.  J Clin Invest 1997, 100:2333-2340.
36. Reinartz J, Bechtel MJ, Kramer MD: Tumor necrosis factor-alpha-
induced apoptosis in a human keratinocyte cell line (HaCaT) is
counteracted by transforming growth factor-alpha.  Exp Cell
Res 1996, 228:334-340.
37. Pedeux R, Al-Irani N, Marteau C, Pellicier F, Branche R, Ozturk M,
Franchi J, Dore JF: Thymidine dinucleotides induce S phase cell
cycle arrest in addition to increased melanogenesis in human
melanocytes.  J Invest Dermatol 1998, 111:472-477.
38. Stein GH, Beeson M, Gordon L: Failure to phosphorylate the
retinoblastoma gene product in senescent human fibroblasts.
Science 1990, 249:666-669.
39. Herbig U, Jobling WA, Chen BP, Chen DJ, Sedivy JM: Telomere
shortening triggers senescence of human cells through a
pathway involving ATM, p53, p21(CIP1), but not p16(INK4a).
Mol Cell 2004, 14:501-513.
40. von Zglinicki T, Saretzki G, Ladhoff J, d'Adda di Fagagna F, Jack-
son SP: Human cell senescence as a DNA damage response.
Mech Ageing Dev 2005, 126:111-117.
41. d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr
P, Von Zglinicki T, Saretzki G, Carter NP, Jackson SP: A DNA
damage checkpoint response in telomere-initiated
senescence.  Nature 2003, 426:194-198.
42. Miyashita T, Reed JC: Tumor suppressor p53 is a direct tran-
scriptional activator of the human bax gene.  Cell 1995,
80:293-299.
43. el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, Trent
JM, Lin D, Mercer WE, Kinzler KW, Vogelstein B: WAF1, a poten-
tial mediator of p53 tumor suppression.  Cell 1993,
75:817-825.
44. Kao JW, Collins JL: A rapid in vitro screening system for the
identification and evaluation of anticancer drugs.  Cancer
Invest 1989, 7:303-311.
45. Reile H, Bernhardt G, Koch M, Schonenberger H, Hollstein M, Lux
F: Chemosensitivity of human MCF-7 breast cancer cells to
diastereoisomeric diaqua(1,2-diphenylethylenediamine)
platinum(II) sulfates and specific platinum accumulation.  Can-
cer Chemother Pharmacol 1992, 30:113-122.
46. Semrau S, Gerber B, Reimer T, Klautke G, Fietkau R: Concurrent
radiotherapy and taxane chemotherapy in patients with loco-
regional recurrence of breast cancer: a retrospective analysis.
Strahlenther Onkol 2006, 182:596-603.
47. Yap HY, Salem P, Hortobagyi GN, Bodey GP, Buzdar AU Sr,
Tashima CK, Blumenschein GR: Phase II study of cis-dichloro-
diammineplatinum(II) in advanced breast cancer.  Cancer Treat
Rep 1978, 62:405-408.
48. Martin M: Platinum compounds in the treatment of advanced
breast cancer.  Clin Breast Cancer 2001, 2:190-208. discussion
209
49. Love RR: Meeting highlights: International consensus panel on
the treatment of primary breast cancer.  J Clin Oncol 2002,
20:1955-1956. author reply 1956–1957
50. Bertelli G, Paridaens R: Optimal sequence of hormonotherapy
in advanced breast cancer.  Curr Opin Oncol 2006, 18:572-577.
51. Brodie A, Jelovac D, Macedo L, Sabnis G, Tilghman S, Goloubeva
O: Therapeutic observations in MCF-7 aromatase xenografts.
Clin Cancer Res 2005, 11:884s-888s.
52. Gottesman MM, Fojo T, Bates SE: Multidrug resistance in can-
cer: role of ATP-dependent transporters.  Nat Rev Cancer
2002, 2:48-58.
53. Ogretmen B, Safa AR: Negative regulation of MDR1 promoter
activity in MCF-7, but not in multidrug resistant MCF-7/Adr,
cells by cross-coupled NF-kappa B/p65 and c-Fos transcrip-
tion factors and their interaction with the CAAT region.  Bio-
chemistry 1999, 38:2189-2199.
54. Studeny M, Marini FC, Dembinski JL, Zompetta C, Cabreira-
Hansen M, Bekele BN, Champlin RE, Andreeff M: Mesenchymal
stem cells: potential precursors for tumor stroma and tar-
geted-delivery vehicles for anticancer agents.  J Natl Cancer
Inst 2004, 96:1593-1603.
Available online http://breast-cancer-research.com/content/9/1/R13
Page 13 of 13
(page number not for citation purposes)
55. Wright WE, Brasiskyte D, Piatyszek MA, Shay JW: Experimental
elongation of telomeres extends the lifespan of immortal ×
normal cell hybrids.  EMBO J 1996, 15:1734-1741.
56. Cao Z, Huang CC, Tan W: Nuclease resistance of telomere-like
oligonucleotides monitored in live cells by fluorescence ani-
sotropy imaging.  Anal Chem 2006, 78:1478-1484.
57. Weil D, Garcon L, Harper M, Dumenil D, Dautry F, Kress M: Tar-
geting the kinesin Eg5 to monitor siRNA transfection in mam-
malian cells.  Biotechniques 2002, 33:1244-1248.
58. Laktionov PP, Dazard JE, Vives E, Rykova EY, Piette J, Vlassov VV,
Lebleu B: Characterisation of membrane oligonucleotide-bind-
ing proteins and oligonucleotide uptake in keratinocytes.
Nucleic Acids Res 1999, 27:2315-2324.
59. Noonberg SB, Garovoy MR, Hunt CA: Characteristics of oligo-
nucleotide uptake in human keratinocyte cultures.  J Invest
Dermatol 1993, 101:727-731.
60. de Diesbach P, N'Kuli F, Berens C, Sonveaux E, Monsigny M,
Roche AC, Courtoy PJ: Receptor-mediated endocytosis of
phosphodiester oligonucleotides in the HepG2 cell line: evi-
dence for non-conventional intracellular trafficking.  Nucleic
Acids Res 2002, 30:1512-1521.
61. Longe H, Faller DV, Denis GV: Telomere-based pre-clinical
therapy in a murine model of non-Hodgkin's lymphoma of the
diffuse large B  cell (DLCL) type.  Blood 2006, 106:607.
62. Aoki H, Iwado E, Eller MS, Kondo Y, Fujiwara K, Li GZ, Hess KR,
Siwak DR, Sawaya R, Mills GB, Gilchrest BA, Kondo S: Telomere
3' overhang-specific DNA oligonucleotides induce autophagy
in malignant glioma cells.  Faseb J 2006 in press.
63. Dell'Orco RT, Worthington MI: Histone H2A variant synthesis in
aging human diploid cells.  J Gerontol 1991, 46:B81-B83.
64. Yoon IK, Kim HK, Kim YK, Song IH, Kim W, Kim S, Baek SH, Kim
JH, Kim JR: Exploration of replicative senescence-associated
genes in human dermal fibroblasts by cDNA microarray
technology.  Exp Gerontol 2004, 39:1369-1378.
65. Verdun RE, Karlseder J: The DNA damage machinery and
homologous recombination pathway act consecutively to pro-
tect human telomeres.  Cell 2006, 127:709-720.
66. Smogorzewska A, de Lange T: Different telomere damage sign-
aling pathways in human and mouse cells.  EMBO J 2002,
21:4338-4348.
67. Li S, Rosenberg JE, Donjacour AA, Botchkina IL, Hom YK, Cunha
GR, Blackburn EH: Rapid inhibition of cancer cell growth
induced by lentiviral delivery and expression of mutant-tem-
plate telomerase RNA and anti-telomerase short-interfering
RNA.  Cancer Res 2004, 64:4833-4840.
68. Li S, Crothers J, Haqq CM, Blackburn EH: Cellular and gene
expression responses involved in the rapid growth inhibition
of human cancer cells by RNA interference-mediated deple-
tion of telomerase RNA.  J Biol Chem 2005, 280:23709-23717.
69. Wei C, Price CM: Cell cycle localization, dimerization, binding
domain architecture of the telomere protein cPot1.  Mol Cell
Biol 2004, 24:2091-2102.
70. Yang Q, Zheng YL, Harris CC: POT1 and TRF2 cooperate to
maintain telomeric integrity.  Mol Cell Biol 2005,
25:1070-1080.
71. Karlseder J, Hoke K, Mirzoeva OK, Bakkenist C, Kastan MB, Petrini
JH, de Lange T: The telomeric protein TRF2 binds the ATM
kinase and can inhibit the ATM-dependent DNA damage
response.  PLoS Biol 2004, 2:E240.
72. Yu CE, Oshima J, Fu YH, Wijsman EM, Hisama F, Alisch R, Mat-
thews S, Nakura J, Miki T, Ouais S, et al.: Positional cloning of the
Werner's syndrome gene.  Science 1996, 272:258-262.
73. Machwe A, Xiao L, Orren DK: TRF2 recruits the Werner syn-
drome (WRN) exonuclease for processing of telomeric DNA.
Oncogene 2004, 23:149-156.
74. Opresko PL, Otterlei M, Graakjaer J, Bruheim P, Dawut L, Kolvraa
S, May A, Seidman MM, Bohr VA: The Werner syndrome heli-
case and exonuclease cooperate to resolve telomeric D loops
in a manner regulated by TRF1 and TRF2.  Mol Cell 2004,
14:763-774.
75. Longley DB, Allen WL, Johnston PG: Drug resistance, predictive
markers and pharmacogenomics in colorectal cancer.  Bio-
chim Biophys Acta 2006, 1766:184-96.
76. de Cremoux P, Jourdan-Da-Silva N, Couturier J, Tran-Perennou C,
Schleiermacher G, Fehlbaum P, Doz F, Mosseri V, Delattre O, Kli-
janienko J, et al.: Role of chemotherapy resistance genes in out-
come of neuroblastoma.  Pediatr Blood Cancer 2007, 48:311-7.
77. Lugthart S, Cheok MH, den Boer ML, Yang W, Holleman A, Cheng
C, Pui CH, Relling MV, Janka-Schaub GE, Pieters R, Evans WE:
Identification of genes associated with chemotherapy cross-
resistance and treatment response in childhood acute lym-
phoblastic leukemia.  Cancer Cell 2005, 7:375-386.
78. Marcu L, Bezak E, Olver I, van Doorn T: Tumour resistance to cis-
platin: a modelling approach.  Phys Med Biol 2005, 50:93-102.
79. Choi KH, Chen CJ, Kriegler M, Roninson IB: An altered pattern of
cross-resistance in multidrug-resistant human cells results
from spontaneous mutations in the mdr1 (P-glycoprotein)
gene.  Cell 1988, 53:519-529.
80. Robinson LJ, Roberts WK, Ling TT, Lamming D, Sternberg SS,
Roepe PD: Human MDR 1 protein overexpression delays the
apoptotic cascade in Chinese hamster ovary fibroblasts.  Bio-
chemistry 1997, 36:11169-11178.
81. Ruth AC, Roninson IB: Effects of the multidrug transporter P-
glycoprotein on cellular responses to ionizing radiation.  Can-
cer Res 2000, 60:2576-2578.
